We examined the primary sequence of canavalin, the major storage protein of jack beans, and found that an ancient sequence duplication accounts for 80% of the amino acid residues. Evidence for such a duplication was also found in the orthologous proteins phaseolin and pea vicilin. This sequence duplication presumably accounts for a structural duplication in the canavalin monomer observed by crystallographic analysis. One copy of this repeat was found in a second storage-protein family, the legumins, where it encompasses almost the entire B-chain of the mature molecule. We propose that the vicilin and legumin families of legume seed proteins evolved from a common precursor, which consisted of one copy of the repeat in the vicilins.
Introduction
The major seed storage proteins of legumes have been classified into two types-( 1) the legumin or 11 S family and (2) the vicilin or 7s types. Proteins of both types may coexist in a single species, although the relative levels may vary. Vicilins are trimeric proteins of M, -1.8 X lo5 and may contain random combinations of subunits. In some species, e.g., soybean, French bean, and pea, there are families of genes encoding these proteins. Legumins are hexamers of total M, 3.6 X 10 *. The legumins of soybean (which are also known as glycinins) arise from expression of a family of approximately five genes, each encoding the precursor of a monomer unit. The monomers consist of two disulfide-linked polypeptide chains (designated A and B), which arise from proteolytic cleavage of the primary translation product. Hexamers contain random combinations of the monomers. Previous studies in this laboratory have been directed toward the vicilin-like protein of the jack bean, Canavalia ensijixmis. This protein (usually known as canavalin) does not ordinarily crystallize when extracted in the native form but will do so readily after mild proteolysis (Sumner and Howell 1936) . Several different crystal forms have been obtained ( McPherson and Spencer 1975 ) . X-ray diffraction analysis of a rhombohedral form (McPherson 1980) and, more recently, of a hexagonal unit cell (A. McPherson, unpublished data) reveal that the trimer has perfect threefold rotational symmetry. In addition, a strong pseudodyad axis in each subunit (perpendicular to the triad axis) was apparent not only in X-ray diffraction patterns of the rhombohedral crystal form (McPherson and Rich 1973; Fitzgerald et al. 1979 ) but even more so in electron-density maps produced by isomorphous replacement phasing
Evolution of Seed Storage Proteins 6 15 of both crystal structures. It is evident that the N-and C-terminal halves of the M, = 50,000 monomer have nearly identical polypeptide folds and can be readily superimposed in a straightforward manner. Recently, the complete sequence of a "canavalin" from the sister species C. gladiata has been determined, and similarity of this protein to pea vicilin and French bean vicilin (commonly, phaseolin) has been demonstrated (Yamauchi et al. 1988 ). We have used the C. gladiata sequence to test the hypothesis that the pseudodyad in the three-dimensional structure of the protein arises from an ancestral gene duplication. We find evidence for such a duplication in canavalin and in pea vicilin, conglycinins, and phaseolin. The duplicated sequence is also found, apparently as a single copy, in the legumin family, where it corresponds to the B-or P-chain. Thus the domain responsible for aggregation of major storage proteins may be derived from a common precursor.
Methods

Sequence Data
Sequences were obtained either directly from published literature or via data bases (NBRF protein sequence data base release 15 and Genbank release 54). DNA sequences were translated to the protein sequence for comparisons.
The sequences of vicilin-type proteins were those for Phaseolus vulgaris (phaseolin; Slightom et al. 1983 )) Glycine max (conglycinins a' and p; Doyle et al. 1986; Harada et al. 1989) , Canavalia gladiata (canavalin; Yamauchi et al. 1988) , and Pisum sativum (pea vicilin). The last sequence is taken from Yamauchi et al. ( 1988) but is an assemblage of two sequences [ from the data of Lycett et al. ( 1983) ], which are those for two different, but very closely related, proteins.
The legumin-type sequences were those for P. sativum (pea legumin; Lycett et al. 1984) and four sequences for soybean glycinins, i.e., for the A5A4B3 (Momma et al. 1985a ), A3B4 , AzBla (Momma et al. 1985b) , and AI,B, (Negoro et al. 1985) chains.
Sequence Comparison
The computer programs used were based on the FASTP algorithm of Lipman and Pearson ( 1985) and used the PAM 250 scoring matrix (Schwartz and Dayhoff 1978 ) and a k value of 1. In some pairwise alignments with FASTP, a complete match over the entire length of the sequences was not obtained, either because of multiple sequence gaps or because a long ( > 15-amino-acid) gap would be needed for the alignment. In such cases, a local alignment program (Pearson and Lipman 1988) was used from which several alignments were obtained, and these were then assembled by eye to give the best possible match. Statistical significance of matches was determined using the RDF program in the FASTP package; the sequences were edited prior to such analyses. We considered 5 SDS from the mean to be the minimum acceptable for a nonrandom event. With the exception of searches of the libraries, which were carried out on a DEC VAX computer, the analyses were performed on an IBM PC-XT.
Phylogenetic Analyses
The aligned sequences were examined for phylogenetic relationships by the maximum-parsimony procedure, using the program PAUP (version 2.4.1; Swofford 1985) . For a few sequences, all possible trees were examined. Larger numbers of sequences Evolution of Seed Storage Proteins 6 17 used the distance Wagner method ( Farris 1972 ) ; branches were then exchanged until the shortest tree was found. These calculations were performed on the VAX computer.
Results and Discussion
Similarity of Canavalins from Different Species
Our structural studies, which indicate a pseudodyad axis in the canavalin monomer, have been performed with the Canavalia enszjbrmis protein (McPherson 1980 ).
The C. gladiata and C. ensijbrmis proteins show apparent immunological identity (Yamauchi and Minamikawa 1987 ) . A complete sequence for the primary translation product of C. gladiata recently became available (Yamauchi et al. 1988 ) , and similarity to published C. enszjbrmis peptide sequences (Sammour et al. 1984 ) was demonstrated.
We have also obtained preliminary peptide sequences (J. Day and A. McPherson, unpublished data) from the C. ensijbrmis protein and have compared them with the C. gladiata sequence; of the 8 1 residues compared (corresponding to positions 44-7 1,242-27 1, and 327-350)) 79 were identical. We therefore feel justified in using the data derived from C. gladiata to extend our hypotheses on internal symmetry in the C. ensiformis protein.
The Vicilin Sequences Are Homologous
The sequences of the five vicilin-type proteins are shown aligned in figure 1. All sequences show high degrees of sequence conservation, indicative of their being derived from a common precursor. Of 457 residues where at least two sequences overlap, 112 residues (24.5%) are common to all sequences and a further 127 (27.8%) are found in four of the five. These are indicated in figure 1. Most of the replacements are conservative.
In addition, relative to canavalin, the other proteins contain apparent sequence deletions and insertions, which may possibly have arisen by short tandem sequence duplications.
An Internal Sequence Duplication in Vicilins
When the C. gladiata canavalin sequence was compared to itself by using the local alignment program, 20% of amino acids 73-232 were identical to those in the region 259-43 1. Many of the replacements are conservative ( fig. IB.) . The two subfragments were further compared using the RDF randomization program. The match score for the two sequences was 8.6 SDS greater than expected for a random match ( 100 randomizations).
Thus these two sequences probably are derived from a common precursor.
Other analyses of the protein sequence data support this conclusion. We have examined the hydrophobicity profile by the method of Kyte and Doolittle ( 1982) and can detect an apparent duplication (not shown); this rather crude analysis confirms that many of the replacements in the domains have been conservative. Secondarystructure predictions by the method of Chou and Fasman ( 1974) also suggest a duplication (not shown) and predict a predominantly P-sheet structure, which agrees with the crystallographic data (McPherson 1980) . The sequence duplication accounts for -80% of the total protein sequence. such, this sequence duplication would adequately account for the presence of a pseudodyad axis in the crystalline protein.
Phaseolin, conglycinin a', and conglycinin p proteins also show clear evidence of a duplicated sequence; the alignment scores were 6.1,7.0, and 7.4 SDS from random, respectively. Pea vicilin initially failed to show evidence of duplication, but when selfalignment of this sequence was repeated with a reduced cutoff score, a marginally significant match score 4.75 SDS above random was obtained. Vicilin appears to have a large insertion in each domain, which may have influenced the alignment.
Vicilin-Legumin Comparisons
The NBRF protein data base (release 15 ) was searched using the FASTP program for sequences similar to canavalin. The best scores were obtained with phaseolin and pea vicilin, but a significant match was found for a partial sequence for pea legumin. We therefore constructed a small library of protein sequences, containing the known legumin-and vicilin-type sequences (see Methods) and examined this by using representatives of each family. There were similarities in sequence between the vicilin and legumin families; legumins were more similar to each other than to vicilins. There was also evidence for two subfamilies within the legumin-type proteins. The glycinin A5A4B3 and A3 B4 sequences were more closely related to each other than either was to a group consisting of the glycinin AZBIa and AI,B, sequences or to pea legumin.
When canavalin
was compared with the library, each of the legumins showed statistically significant (9-14 SDS from random) matches. With the A5&/A3 subfamily, these were short matches in the middle of the canavalin sequence (near the end of the N-terminal repeat). More-extensive matches were obtained with the remaining sequences, which included the complete C-terminal repeat of canavalin. These extended to the C-terminus of the AZ, Ai, and pea legumin sequences and encompass the entire pea legumin P-chain or the glycinin B-chains (which are derived in vivo by proteolytic cleavage of the primary translation products). Similar results were obtained by comparing other vicilin proteins with the legumins. It would therefore appear that there was a common precursor to much of the legumin and vicilin sequences. This includes part of the N-terminal repeat and the entire C-terminal repeat of the vicilin proteins. Alignment of the B-or P-chains of the legumins with the C-terminal regions of the vicilin-type proteins is shown in figure 2 .
The extreme N-terminal regions did not match in any of the interfamily comparisons; nor did our alignments extend as far toward the N-terminus as those proposed by Argos et al. ( 1985) , which are based mainly on secondary structure. We suspect that these either have diverged so far as to be unrecognizable or arose from, recruitment of different sequences into the N-terminus of the legumin proteins. Legum. 1 PIG. 3.-Unrooted phylogenetic tree for the repeated sequence domain. Aligned sequences were analyzed by the maximum parsimony method using the program PAUP (Swofford 1985) . Abbreviations are as in fig. 2 . The (uncorrected) number of amino acid replacements required to account for the observed data is indicated above each branch. The positions of the sequences in the complete proteins are indicated to the right of the figure.
Parsimony Analysis of Vicilin Repeat Sequences
As noted above, the most statistically significant evidence for an internal sequence duplication in the vicilin family was observed for the canavalin sequence. We analyzed these repeats, both in the duplicated vicilin structures and in the legumin B-chains which contain only a single complete copy, by the maximum-parsimony method. The unrooted tree shown in figure 3 is representative of our data-the sequences here were aligned against the sequence duplication in phaseolin. It is apparent from this tree that the canavalin repeats have diverged less from a common ancestor than have repeat sequences in other proteins. This was also apparent when only the C-terminal repeat in both families was examined (data not shown). We would tentatively conclude that canavalin has evolved more slowly than have the other vicilin-type proteins.
Evolution of the Gene Families
To account for our findings of sequence similarity between the vicilin and legumin families, we propose the evolutionary scheme outlined in figure 4. An ancestral gene encoding one copy of the repeat domain first underwent duplication, by either homologous recombination or, more likely, unequal crossover. This would yield a gene similar in structure to the modern vicilins. Duplication of this gene would enable one copy to evolve as vicilin. It should be noted that in some species, such as Phaseolus vulgaris (Slightom et al. 1983 ) and Glycine max (Harada et al. 1989) , there is evidence for a gene family for the vicilin proteins. These probably duplicated after divergence of legume species, as the sequences of proteins within a species are more closely related to each other than to proteins from other species.
The second copy presumably evolved to yield the legumin family. We propose that the N-terminal sequences of these proteins are derived by recruitment of sequence from elsewhere in the genome. It is, of course, possible that the N-terminal domain of this protein family has evolved with so few constraints that sequence similarity is no longer detectable. Finally, we note that there is considerable variation in the sizes of the polypeptides synthesized by members of the legumin family. A very preliminary analysis suggests that most of this variation can be accounted for by tandem duplication of short sequences located near the end of the A chains. Repeated duplications of some sequences appear to have occurred.
Thus, at least one domain of the legumin subunit, as well as the internally redundant domains of vicilins, are derived from a common precursor. This evolutionary scheme explains some of the physical properties of the proteins, particularly an apparent dyad axis in the vicilins. We note that the vicilins aggregate as trimers, the legumins as hexamers. However, the vicilin monomer contains a duplicated domain and may therefore be considered as a pseudodimer, and the trimer as a pseudohexamer. If the repeat domain (B-chain) mediates aggregation of the legumins, then it would seem that, regardless of whether the protein is legumin or vicilin type, there would be six copies of the common domain.
